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Abstract. - The elasmoid scales of teleosts, remarkable by the diversity of their aspect and ornamentation, nev¬ 
ertheless present a similar structural organization. Each scale is composed of three superimposed layers. At the 
outer surface, the limiting layer, which may be absent in the anterior field, is the most mineralized of the three 
layers; it consists of a random meshwork of acidic glycoproteins. Collagen fibrils are the main component of the 
other two layers. The external layer is made up of thin collagen fibrils (30 nm in diameter) organized into a loose 
meshwork. This layer is the first to be formed and to be mineralized. Apatitic crystals are not coaligned with the 
thin collagen fibrils. The most extended part of the scale is the basal plate made up of thick collagen fibrils (about 
100 nm in diameter), which are organized into a plywood-like structure. Apatitic crystals appear to be oriented 
in parallel to the direction of elongation of the fibrils, but they do not penetrate deeply within the fibrils. Most 
of the crystals are located in the interfibrillary matrix. Knowledge of the elasmoid scale structure may enable 
pathways to design bioinspired materials for various applications. Elasmoid scales are considered as a source of 
inspiration for biomimetic composites that would provide resistance, flexibility and lightweight. Because of their 
transparency and their composition in type I collagen, elasmoid scales are considered as a biomaterial useful for 
the repair of bone and cornea. 
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Resume. - Les ecailles elasmo'ides des teleosteens : leur structure, un modele pour des materiaux bioinspires. 

Les ecailles elasmo'ides des teleosteens dont la diversite de formes et d’ornementations superficielles sont 
remarquables, presentent neanmoins une structure similaire. Chaque ecaille est composee de trois couches super- 
posees. La couche la plus superficielle est la couche limitante qui peut etre absente dans la partie anterieure de 
T ecaille. C’est la couche la plus mineralisee des trois couches, elle est formee d’un reseau de fines fibrilles ou ont 
ete identifies des glycoproteines acides. Les fibrilles de collagene sont le constituant essentiel des deux autres 
couches. La couche exteme est une couche continue formee d’un enchevetrement de fines fibrilles de collagene 
(diametre 30 nm). Cette couche est la premiere formee, elle est aussi la premiere a etre mineralisee. Les cristaux 
d’apatite ne sont pas alignes le long des fibrilles de collagene. La plaque basale represente la partie la plus impor- 
tante d’une ecaille elasmo'ide. Elle est constitute de fibrilles de collagene de plus fort calibre (100 nm) que dans 
la couche externe. Les fibrilles de collagene sont disposees en strates superposees oil elles sont paralleles les 
unes aux autres et leur orientation varie d’une strate a la suivante. Elles foment un contreplaque biologique. Les 
cristaux d’apatite ont leur grand axe parallele a celui des fibrilles de collagene auxquelles ils sont accoles. Ils fer¬ 
ment un manchon autour des fibrilles et ne penetrent que tres peu a l’interieur des fibrilles. La plupart des cristaux 
sont dans la matrice extrafibrillaire. Les acquis concemant la structure des ecailles elasmo'ides sont a Torigine de 
recherches menant a la creation de materiaux bioinspires aux applications variees. Les ecailles elasmo'ides sont 
considerees comrne une source d’inspiration pour elaborer des composes biomimetiques qui auraient a la fois 
resistance, flexibilite et legerete qui sont l’apanage des ecailles elasmo'ides. Grace a leur richesse en collagene 
de type I dont Torganisation leur confere une transparence les ecailles se sont revelees comme un biomateriau 
pouvant etre utile pour reparer le tissu osseux et la comee. 


In the 16 th century, studies on actinopterygians and on 
their scales were stimulated by publications such as those 
of Belon du Mans (1551, 1555) and Rondelet (1558). From 
that time on, studies devoted to the scales have improved our 
knowledge of their structure. The use of scale morphology 
for actinopterygian classification can be traced back to the 
time of Agassiz (1833-1844). Studies increased in number 
and thoroughness during the late 19 th century and the first 
half of the 20 th century, with the advance of light micros¬ 
copy ( e.g. Mandl, 1839; Williamson, 1851; Baudelot, 1873; 
Goodrich, 1907; Cockerell, 1911; Lagler, 1947; Neave, 1936; 


Kobayashi, 1952-1953, 1953-1954,1955; Wallin, 1956; Van 
Oosten, 1957). Later, the development of scanning electron 
microscopy (SEM) renewed our knowledge on the surface 
of the scales (e.g. DeLamater and Courtenay, 1974; Lanz- 
ing and Higginbotham, 1974; Hughes, 1981; Zylberberg 
and Meunier, 1981; Meunier, 1984; Lippitsch, 1990; Rob¬ 
erts, 1993; Voronina and Hughes, 2013). Since the middle 
of the 20 lh century, the development of transmission electron 
microscopy (TEM) triggered new studies on the ultrastruc¬ 
ture of scales (e.g. Brown and Wellings, 1969; Maekawa and 
Yamada, 1970,1972; Waterman, 1970; Yamada, 1971; Lan- 
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zing and Higginbotham, 1976; Yamada and Watabe, 1979; 
Schonborner et al., 1979, 1981; Frietsche and Bailey, 1980; 
Zylberberg and Nicolas, 1982; Sire and Geraudie, 1983; Zyl¬ 
berberg el al., 1992; Zylberberg and Meunier, 1996; Khemiri 
et al., 2001; Yang et al., 2014) and on scale regeneration (e.g. 
Neave, 1940; Sire and Geraudie, 1984; Bereiter-Hahn and 
Zylberberg, 1991; Ikoma et al., 2003; Ohira et al., 2007). 

Studies on teleost scales were motivated by the belief 
that they could be used for classification, identification, age 
determination (Ombredane and Bagliniere, 1991), and more 
recently, to develop design principles for engineered protec¬ 
tive systems (Ikoma et al., 2003; Browning et al., 2013). 
Most studies, for whatever purposes, concern the highly 
derived elasmoid scales sheathing the body of most teleosts, 
the larger group of Actinopterygians with about 32,000 spe¬ 
cies described, indeed it represents about half of the whole 
vertebrates (Froese and Pauly 2017). 

The elasmoid scales of teleosts display interesting combi¬ 
nations of flexibility, strength, lightweight, and transparency. 
These properties are thought to result from their structure, 
even though they exhibit a great diversity in shape, ranging 
from roughly circular to long oval, in size ranging from large 
to microscopic, and in superficial ornamentation. During 
the last decades, research on biological system such as elas¬ 
moid scales has revealed that these biological systems are 
arranged in a hierarchical multi-layered structure to achieve 
properties of high strength and lightweight. The purpose of 


Figures 1-8. - Morphological aspects of elasmoid scales. 

Figures 1,2.- Cycloid Scale of Carassius auratus. 1: Scale stained 
with alizarin red S. 2: SEM. The circuli (c) are more spaced in the 
exposed posterior field than in the overlapped anterior field. Insert: 
Note the presence of denticles (arrow) on the apex of the circuli. c: 
circuli; f: focus of the scale; r: radius. 

Figure 3. - Cycloid scale of Gaidropsarus vulgaris stained with ali¬ 
zarin red S. The circuli form regularly spaced out ridges concentri¬ 
cally disposed around the focus of the scale. The radii are oriented 
along the anteroposterior axis of the scale. 

Figure 4. - Ctenoid scale of Solea solea stained with alizarin red 
S. The posterior part of the scale is ornamented with denticles: the 
cteni (ct). The radii (r) are parallel and oriented along the antero¬ 
posterior axis of the scale. 

Figure 5. - SEM. Detail of the posterior part of the ctenoid scale of 
Coryphaenoides rupestris, which bears long fusiform cteni. 

Figure 6. - Posterior part of a scale of Solea solea stained with ali¬ 
zarin red S. At the margin of the scale, the most recent ctenii form 
acute denticles whereas the oldest progressively resorbed appear as 
truncated spines (asterisk). 

Figure 7. - Cycloid scale of Trisopterus luscus (Linnaeus, 1758) 
stained with alizarin red S. Numerous radii (r) span out from the 
focus (f) to the periphery of the scale. 

Figure 8. - Regenerating scale of Trisopterus luscus stained with 
alizarin red S showing an organization resembling that of the regu¬ 
lar developed scales (Fig. 7). 

Figure 9. - Scale growth. Labelling in successive times with three 
different fluorochromes of a scale of Hemichromis bimaculatus 
Gill, 1862, fluoresceine: yellow-green, tetracycline: yellow and 
xylelol orange: red, reveals the successive mineral deposits dur¬ 
ing the scale growth. The unmineralized radii (r) are not labelled 
(micrograph: F.J. Meunier). 


this work is to gather data concerning the morphology and 
the structure of the teleost elasmoid scales acquired with his¬ 
tological and ultrastructural techniques. Knowledge of these 
structures may provide pathways to design bioinspired com¬ 
posite materials and suggest various applications. 

STRUCTURAL CHARACTERISTICS 
OF ELASMOID SCALES IN TELEOSTS 

General organization of elasmoid scales 

The scales examined belong to the elasmoid type as 
defined by Bertin (1944): elasmoid scales are thin, transpar¬ 
ent, flexible and lamellar plates most often imbricated. 
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The association of in toto staining with alizarin red S 
(Francillon and Meunier, 1985), that shows the extend of 
mineralization, and scanning electron microscopy (SEM) 
have proved to be very effective in demonstrating the variety 
of the surface ornamentations of scales. 

Because of their overlap, the elasmoid scales show two 
distinct regions, which develop different superficial orna¬ 
mentations (Fig. 1A, B). The posterior field, the exposed 
area of the scale lying below the epidermis, differs from the 
anterior and lateral areas, which are covered by the adjacent 
scales. The anterior field is deeply inserted within the der¬ 
mis. The boundary between the anterior (overlapped) and 
the posterior (exposed) fields observed in SEM is shown in 
figure IB. 

The surface ornamentation consists in the characteristic 
circuli, concentric crests separated by grooves surrounding 
the focus (Figs 1A, B, 2, 3, 6). The apex of the crest bears 
denticles oriented towards the focus (Fig. IB insert). The 
circuli are interrupted by the unmineralized radii, which are 
the most flexible parts of the scales (Figs 1,3,4,7). The radii 
arise from the focus and reach the scale margin. The radii 
may be distributed over all, or only part of the surface of the 


scale. In the small scales of Gaidropsarus vulgaris (Cloquet, 
1924), the radii consist of two grooves parallel to the anteri¬ 
or-posterior axis of the scale (Fig. 2). In the oblong ctenoid 
scale of Solea solea (Linnaeus 1758), the parallel radii are 
oriented along an anteroposterior axis of the scale (Fig. 3). 
The ctenoid scales (Figs 4-6) differ from cycloid scales by 
the presence of comb-like structures on the posterior field 
(Figs 4-6). 

The posterior margin of the ctenoid scales of Solea solea 
bears the cteni that are the most recently formed, whereas 
the oldest cteni are progressively resorbed, appear truncated. 
From the posterior margin towards the focus of the scale, 
the cteni (eroded or not) are arranged in longitudinal rows 
(Fig. 6). 

Numerous comb-like ctenii cover the whole posterior 
field of the scales of the gadid Coryphaenoides rupestris 
Gunnerus, 1765. They are fusiform, about 1.5 mm in length, 
and with a sharp tip. The cteni, which are in the vicinity of 
the circuli, appear to be connected with them (Fig. 5). 

The scales of teleosts regenerate when they are dam¬ 
aged or lost. The basic organization of the regenerating scale 
resembles that of the original ones (Figs 7, 8). However, the 
peculiar aspect of the focus of early 
regenerating scales is thought to 
be related to a decrease of the con¬ 
trol of the scale pattern due to the 
faster development of regenerating 
scales. 

In teleosts, the elasmoid scales 
grow and are mineralized through 
life, increasing both in surface areas 
at the periphery and in thickness. 

The scale growth towards the 
periphery is illustrated by the use 
of various fluorochromes (Fig. 9) 
that bind to calcium (Frost and Vil- 
laneuva, 1960; Frost, 1969; Fran¬ 
cillon and Meunier, 1985; Pautke et 
al., 2005; van Gaalen, 2010). They 
are sequentially administered to 
visualise the direction of the new 
mineral deposit (Meunier, 1972, 
1974). Meunier and Boivin (1978) 
have shown that the fluorochromes 
deposited at the site of active min¬ 
eralization give information regard¬ 
ing the speed and the direction of 
mineralization during scale growth. 

In arrangement, most often, 
the imbricated scales lie oblique¬ 
ly within the dermis (Fig. 10). In 
some teleosts, the pattern is mosa¬ 
ic; the scales are minutely separat- 



Figures 10-14 - The histological techniques were carried following Gabe (1968) and Lillie and 
Fulmer (1976) procedures. 

Figure 10. - Tinea tinea (Linnaeus, 1758). PAS - Groat’s hematoxylin - picroindigocaimine. 
Vertical section of the skin showing superimposed scales (sc), each scale is inserted in its pock¬ 
et (sp). ep: epidermis. 

Figure 11. - Anguilla anguilla (Linnaeus, 1758). PAS - Groat’s hematoxylin - picroindigo- 
carmine. Vertical section of the skin showing scales (sc) arranged side by side. Each scale is 
inserted in its pocket (sp). ep: epidermis; d: dermis. 

Figure 12. - Cyprinus carpio Linnaeus, 1758. PAS - Groat’s hematoxylin. Vertical section in 
the anterior field. Episquamal scleroblasts (es) are inserted between two circuli. bp: basal plate; 
el: external layer. 

Figure 13. - Cyprinus carpio. PAS - Groat’s hematoxylin -picroindigocarmine. Vertical section 
in the posterior field. PAS-positive elevations are formed by the osseous layer (ol). The space 
(asterisk) is an artefact occurring during the preparation of the sample. The lamellar structure 
of the basal plate (bp) is obvious, ep: epidermis 

Figure 14. - Cyprinus carpio. Alcian blue - nuclear fast red. Vertical section in the posterior 
field showing circuli. The limiting layer (11) and the external layer (el) are stained in blue. The 
basal plate (bp) does not contain material stained with Alcian blue. 
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ed or meet their neighbours only at their margin (Fig. 11). 
Whatever their arrangement is, each scale is inserted into 
a scale pocket (Whitear, 1986), which is delimited by the 
scale pocket cells. Vertical cross sections (in this study, 
vertical sections refer to sections perpendicular to the scale 
surface) show that a typical elasmoid scale is composed of 
two superimposed layers, a superficial osseous layer topping 
a thick and lamellar basal plate organized into a plywood¬ 
like structure (Zylberberg et al., 1991). The basal plate is 
composed of superimposed plies within which the collagen 
fibrils are parallel one to another, but their direction changes 
from one ply to the next (Giraud et al., 1978; Meunier and 
Geraudie, 1980). This organization in a plywood pattern was 
described by Meunier and Castanet (1982) in the elasmoid 
scales of teleosts and it was called elasmodin by Schultze 
(1996, present issue), who does not hint an odontogenic ori¬ 
gin for this lamellar layer (Sire et al., 2009). According to 
Schultze (1996, present issue), the plywood structure of the 
elasmoid scale differs in formation from isopedin, which is 
also composed of collagen fibrils organized in a plywood¬ 
like structure. In isopedin, found in bone and in the bony 
base of ganoid scales, osteocytes are involved in the miner¬ 
alization that occurs as the collagenous matrix is laid down, 
whereas elasmodin of the basal plate is deposited after the 
formation of the external layer. Thus, its initial deposition is 
not mineralized and remains at least in part unmineralized. 
Cells, when present, are not involved in the mineralization. 
Because of their structural similarities, isopedin and elasmo¬ 
din are considered as homoplastic tissues by Sire and Huys- 
seune (2003). 

The lightly P.A.S. (periodic acid-Schiff reagent) posi¬ 
tive elasmodin of the basal plate contains glycoproteins, 
whereas the superficial osseous layer contains glycoproteins, 
but also acid mucopolysaccharides stained with Alcian blue 
(Figs 12-14). The superficial ornamentation of the scales is 
related to the organization and the thickness of the osseous 
layer. The osseous layer is composed of two layers: the lim¬ 
iting layer (the outer limiting layer of Schonborner et al., 
1979) and the external layer. The limiting layer topping the 
external layer is often limited to the posterior field of the 
scale. The external layer forms an uninterrupted cover over 
the whole scale surface. 

The scale-forming cells coined scleroblasts by Klaatsch 
(1890) line the scale surface. Later, Waterman (1970) sug¬ 
gested a terminology based on the topographical relation¬ 
ships of these cells to the scale: the episquama is composed 
of the scleroblasts covering the superficial surface, the 
hyposquama is composed of the scleroblasts underlying the 
deep surface, and the peripheral cells form a rim around the 
margin of the scales (Figs 15, 16). The terminology estab¬ 
lished by Waterman (1970) will be used in this article. 


The external layer 

At the margin of the scales, the external layer is sur¬ 
rounded by the peripheral scleroblasts that synthesize the 
thin collagen fibrils organized into a thin meshwork in the 
first step of the formation of the external layer. The external 
layer is the first layer to be formed (Fig. 16). 

Episquamal scleroblasts can be anchored to a groove 
between two circuli (Fig. 17A, B), but generally, the epis¬ 
quamal scleroblasts are separated from each other by the 
serrations of the scale surface. Their shape is outlined by 
immunofluoresce using anti-actin and anti-tubulin antibod¬ 
ies (Zylberberg et al., 1988). In Carassius auratus (Lin¬ 
naeus, 1758), the newly thin collagen fibrils of about 30 nm 
in diameter are synthesized by the episquamal scleroblasts 
(Fig. 18); they are coaligned with the cytoskeleton elements 
located in the peripheral cytoplasm of the scleroblast lining 
the external layer (Fig. 19). 

The mineral deposit appears in the external layer at the 
margin of the scale and at the top of the elevations forming 
the circuli (Fig. 20). The initial mineral deposit appears in 
form of small needle-shaped rodlets (Fig. 21). The rodlets 
are about 100 nm long in specimens, fixed with rapid freeze- 
fixation (Zylberberg and Nicolas, 1982). The mineral rodlets 
are mostly located in the interfibrillary matrix; they do not 
seem to be oriented by the thin collagen fibrils (30 nm in 
diameter), but their formation might be initiated by dense 
granules (Fig. 22). 

Mineralization then proceeds by aggregation of the 
rodlets that form clusters (Fig. 22). The size of the clusters 
increases by aggregation of rodlets, whereas the size of each 
crystallite does not increase (Fig. 22). Finally, the clusters 
fuse to form a fully mineralized layer (Fig. 23). Once miner¬ 
alized, the external layer is topped by the limiting layer that 
forms last. The limiting layer is covered by flattened episq¬ 
uamal scleroblasts, that can be anchored in the cavity inside 
a circulus (Fig. 24). This layer is devoid of collagen fibrils, 
but it contains abundant acid mucopolysaccharides, which 
form a microfibrillar matrix orienting the deposit of the min¬ 
eral crystals (Fig. 25). The presence of bands distinguished 
by their difference of opacity to electrons indicates that the 
limiting layer is cyclically deposited (Fig. 26). 

Bundles of closely packed collagen fibrils oriented paral¬ 
lel to each other arise from the external layer and cross the 
limiting layer (Fig. 26). These fibre bundles showing struc¬ 
tural similarities with the fibres of attachment described in 
bone by Sharpey were considered as Sharpey fibre-like bun¬ 
dles (Zylberberg and Meunier, 1981). Only the part of the 
collagen fibrils inserted in the scale is mineralized. 

The basal plate 

The basal plate is the most extended part of the scale; it 
consists of elasmodin composed of several superimposed 
plies parallel to the surface of the scale (Fig. 27). In each 
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Figure 15. - Cyprinus carpio. One 
step trichrome. Vertical section of the 
anterior margin of the scale. A thick 
membrane stained in green is observed 
between the epidermis and the dermis. 
Within the dermis, the peripheral scle- 
roblasts form a rim around the margin 
of the scale (arrowheads). The eleva¬ 
tion corresponds to the formation of the 
first circulus (arrow). 

Figure 16. - Carassius auratus. TEM. 
Section of the margin of the scale. A 
thin microfibrillar membrane (arrow) 
separates the epidermis (ep) from the 
dermis (d). Scale pocket cells (spc) 
form a rim around the scales and line 
the scleroblasts. The external layer, the 
first layer to be formed, is deposited 
between the episquamal scleroblasts 
(es) and the hyposquamal scleroblasts 
(hs). 

Figure 17. - Carassius auratus. Indi¬ 
rect immunofluorescence visualising 
microtubules in the episquamal scle¬ 
roblasts. A: Phase constraste. B: Tyr- 
tubulin Mts distribution. Mts radiate 
from the MTOCs (microtubule organis¬ 
ing centre) in cells located between two 
circuli (c). 

Figure 18. - Carassius auratus. TEM. 
Episquamal scleroblats lining the exter¬ 
nal layer. 

Figure 19. - Margin of the scale. Eleva¬ 
tion of the external layer forming a cir¬ 
culus (c). 

Figure 20. - Carassius auratus. TEM. 
Episquamal scleroblast (es) where 
cytoskeletal elements are coaligned 
with the thin collagen fibrils (cf). 
Figures 21-23. - Carassius auratus. 
TEM. Scales treated with rapid freeze- 
fixative procedures. Mineralization of 
the external layer. 21: Needle-shaped 
crystals are deposited in the interfibril- 
lary spaces (arrow). 22: Clusters of 
crystals are randomly dispersed. 23: 
Mineralized external layer. 

Figure 24. - Carassius auratus. TEM. 
Section of a partially demineralized 
circulus. The external layer (el) is 
composed of network of randomly dis¬ 
persed collagen fibrils. A thin layer of 
microfibrillar material is deposited on 
one side of the circulus. bp: basal plate; 
es: episquamal scleroblast. 

Figure 25. - Carassius auratus. TEM. 
Demineralized section. Detail of the 
organic material of the limiting layer 
(11) made of a thin microfibrillar mesh- 
work and the external layer (el) com¬ 
posed of thin collagen fibrils embedded 
in a matrix. 

Figure 26. - Cyprinus carpio. TEM. 
Demineralized section of the upper part 
of the scale. Bundles of collagen fibres 
forming Sharpey-fibre-like bundles (Sf) 
cross the external layer (el) and the lim¬ 
iting layer (11). 
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ply, the fibrils are parallel to one another but their direction 
changes from one ply to the next; this rotation is observed 
with polarised light (Fig. 27) and with SEM (Fig. 28). The 
direction of the fibrils is orthogonal from one ply to the next. 


thus forming an orthogonal plywood that shows two prefer¬ 
ential directions (Fig. 29). The collagen fibrils are composed 
mainly of type I collagen associated with Type V collagen, 
which regulate the thickness of the fibrils (Zylberberg et 


Figure 27. - Etelis carbunculus Cuvier, 
1828. Ground section. Polarised light. 
Black and white superimposed col¬ 
lagenous plies are characteristic of an 
orthogonal plywood-like structure. The 
basal plate (bp) is partially mineralized. 
Mandl corpuscles (arrow) are observed 
at the level of the front of mineraliza¬ 
tion. (micrograph: F.J. Meunier). 
Figure 28. - Macrourus berglax 
Lacepede, 1801. SEM. Broken freezed 
scale showing the lamellar structure 
of the basal plate. The direction of the 
collagen fibrils of adjacent layers are at 
right angle to one another forming an 
orthogonal plywood-like structure. 
Figure 29. - Poecilia reticulata Peters, 
1859. TEM. Rapid freeze anhydrous 
techniques. Front of mineralization 
(mf) in the basal plate (bp). 

Figure 30. - Poecilia reticulata. TEM. 
Rapid freeze anhydrous techniques. 
The crystals are located in the spaces 
surrounding the cross-sectioned colla¬ 
gen fibrils that appear electrolucent. 
Figure 31. - Carassius auratus. TEM. 
Demineralized section. The superim¬ 
posed plies of the basal plate (bp) are 
crossed by the TC fibres (tc) that arise 
from the hyposquamal scleroblasts (hs) 
and reach the external layer (el). 11: lim¬ 
iting layer 

Figure 32. - Carassius auratus. TEM. 
Rapid freeze anhydrous techniques. 
The characteristic aspect of the front 
of mineralization is due to the presence 
of the TC fibres (tc). It differs from 
the smooth one of Poecilia reticulata, 
which has no TC fibers (Fig. 29). 

Figure 33. - Poecilia reticulata. TEM. 
Mineralized corpuscles, Mandl corpus¬ 
cles (me), are located ahead of the front 
of mineralization. 

Figure 34. - Carassius auratus. TEM. 
Mandl corpuscles (me) located ahead 
of the front of mineralization. 

Figure 35. - Trisopterus luscus. SEM. 
The front of mineralization is orna¬ 
mented with fused Mandl corpuscles. 
Figure 36. - Cyprinus carpio. SEM. 
Mandl corpuscles and the mineraliza¬ 
tion front show a ridged surface due to 
the presence of TC fibres. 
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al., 1992; Le Guellec and Zylberberg, 1998). The fibrils are 
about 100 nm in diameter. A more complex organization is 
observed in the basal plate, where the collagen fibrils form 
two imbricated systems of plies (the odd and the even, which 
constitute a double-twisted plywood-like structure (Meunier 
and Castanet, 1982; Meunier, 1984) (Fig. 31). 

In the Cyprinidae, another network composed of thin¬ 
ner collagen fibrils, forms a “sheet-like structure”, the “TC” 
fibres (Onozato and Watabe, 1979), that cross-fibrous plies 
of the basal plate (Figs 31,32). Apart from their orientation, 
the TC fibres are also distinguishable from the other colla¬ 
gen fibrils of the basal plate by a definite difference in diam¬ 
eter; the TC fibres reach only 30 nm in diameter at the most 
(Fig. 31). 

Anhydrous techniques for TEM show that the crystals 
of hydroxyapatite have their major axis oriented parallel to 
the elongation of the collagen fibrils. The mineral deposits 
enhance the periodicity of the collagen fibrils. Cross sec¬ 
tions of the collagen fibrils reveal that the crystals invade 
the interfibrillar spaces and seem to be located around the 
collagen fibrils whose centres appear as electrolucent cir¬ 
cular spaces (Figs 30, 32). The TC fibres are mineralized 
more rapidly than the fibrils of the plywood-like structure 
(Fig. 32). Indeed, the mineral deposit appears to be located 
initially along the TC fibres. The TC fibres mineralize before 
the thick collagen fibrils of the plywood-like structure. 
Therefore, the mineralization front resembles inverted trees 
(Fig. 32), whereas the mineralizing front appears as a smooth 
surface in basal plates devoid of TC fibres (Fig. 29). 

The mineralization front is preceded by independently 
mineralized, approximately globular structures: Mandl cor¬ 
puscles (Mandl, 1839). They form without any contact with 
a preexisting mineralized tissue (Figs. 33-36). They vary 
in size and shape, which are related to the organization of 
the plywood-like structure (Schonborner et al., 1981). They 
show a ridged surface in scales with TC fibres (Fig. 36). The 
mineralization of Mandl corpuscles conforms to that of the 
plywood-like structure: the crystals are oriented by the col¬ 
lagen fibrils (Schonborner et al., 1981; Zylberberg and Nico¬ 
las, 1982). 

In fully developed scales where the rate of collagen dep¬ 
osition is slow and therefore the contribution of the sclerob- 
last structure to fibril orientation is difficult to assess, studies 
were carried out on regenerating scales, which have a highly 
active fibrillogenesis. 

The hyposquamal scleroblasts of developed scales are 
very thin (3 to 5 pm thick); they contain a central flattened 
nucleus (Fig. 37). The cytoskeletal elements underlying the 
secretory cell membrane are coaligned with the most recent¬ 
ly synthesized collagen fibrils (Figs 38-40). In regenerating 
scales, the hyposquamal scleroblasts appeared as tall pria- 
matic cells (15 pm high) and contain a globular nucleus of 
about 5 pm in diameter (Fig. 41). Gap junctions are frequent 


in freeze-fracture replicas (Fig. 42). Coincidence of the 
alignment of the cytoskeletal elements and that of the col¬ 
lagen fibrils in the ply in contact with the hyposquamal scle¬ 
roblasts is obvious in TEM micrographs (Figs 43,44). 

To maintain the relationship between cytoskeletal ele¬ 
ments and the collagen fibrils in the neighbour of the plasma 
membrane, the cyclic orientation changes of the collagen 
fibrils require a concomitant rearrangement of the cytoskel¬ 
etal structure (Byers et al., 1980; Dane and Tucker, 1986; 
Zylberberg et al., 1988). In regenerating scales approximate¬ 
ly one ply per day is deposited (Frietsche and Bailey, 1980), 
while synthesis is very slow in fully-grown scales. Accord¬ 
ing to these observations a network of short-living micro¬ 
tubules (Mts) in regenerating scales and very stable ones in 
fully grown scales. Two specific antibodies have been used 
to differentiate such microtubules subsets. 

In living cells, tubulin incorporated into Mts seems to be 
subjected continuously to chemical modifications: detyrosi- 
nation by a carbopeptidase and retyronisation of monomeric 
a-tubulin by a ligase. Detyronisation is a slow process occur¬ 
ring in Mts while depolymerized tubulin only becomes (re-) 
tyrosinated. Therefore, Mts containing detyrosinated tubulin 
with glutamic acid at its carboxyl end (Glu-Mts) can be sup¬ 
posed to have existed for a longer time than those containing 
only a-tubulin with tyrosine at its carboxyl end (Tyr-Mts) 
(Gundersen et al., 1984). In the hyposquamal scleroblasts of 
well-developed scales, the Mts are labelled with both anti¬ 
bodies (Fig. 45A, B, C). In the hyposquamal scleroblasts of 
regenerating scales, which are known to have a high syn¬ 
thetic activity, only Tyr-Mts have been identified (Fig. 46A, 
B, C) (Zylberberg et al., 1991). The distribution of the two 
Mt populations is consistent with a turnover in the hyposq¬ 
uamal scleroblasts and support the hypothesis that a chang¬ 
ing Mt pattern is involved in the generation of the collagen 
plywood. 

ELASMOID SCALES AS A MODEL THAT COULD 

INSPIRE NOVEL ENGINEERING MATERIALS 

Over the past few decades, there has been growing inter¬ 
est in natural materials whose structural characteristic are 
believed to underlie the good performance of various natu¬ 
ral structures, to develop new synthetic materials. It is well 
known that the scaled integument of teleost displays inter¬ 
esting combinations of flexibility, strength, resistance to 
penetration, lightweight and transparency (Burdak, 1979; 
Currey, 1999). In addition to hydrodynamic properties 
crucial for swimming efficiency (Burdak, 1979; Sudo et 
al., 2002), elasmoid scales form a protective layer against 
predators or other mechanical threats. Studies on the struc¬ 
ture and mechanics of elasmoid scales that involve tensile 
testing (Ikoma et al., 2003; Zhu et al., 2012; Garrano et al., 
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Figures 37-46. - Carassius auratus. 

Figures 37-40. - TEM Control scales. 

Figure 37. - Flat hyposquamal scleroblasts (hs) synthesise the thick 
collagen fibrils of the plywood-like structure of the basal plate and 
the thin TC fibres (tc) crossing the plywood-like structure. 

Figure 38. - Collagen fibrils are coaligned with the Mts and micro¬ 
filaments (arrows) underlying the plasma membrane of the hyposq¬ 
uamal scleroblast. 

Figure 39. - Detail of the secretory surface of a hyposquamal scle¬ 
roblast. The microfibrils and the Mts have changed their direction 
and are coaligned with the newly synthesized collagen fibrils form¬ 
ing a new layer. 

Figure 40. - Detail of the secretory surface of a hyposquamal scle¬ 
roblast. Mts (arrowhead) located in the vicinity of the plasma mem¬ 
brane are in parallel with the innermost thick collagen fibrils. 
Figures 41- 44. - Four-day-regenerating scale. 

Figure 41. - TEM. The hyposquamal scleroblasts are tall prismatic 
cells with well-developed RER and Golgi areas. 

Figure 42. - Freeze-fracture. Gap junction between two hyposqua¬ 
mal scleroblasts. 

Figure 43. - TEM. The innermost collagen fibrils and the Mts 


(arrow) located beneath the plasma membrane are shown in cross 
section. 

Figure 44. - TEM. In this scleroblast, the outer side of the plasma 
membrane is connected with the collagen fibrils by a thin flocculent 
material and its inner side with a microfibrillar material (arrows). 
Figures 45-46. - Carassius auratus. Indirect immunofluorescence 
visualising microtubules in the hyposquama. 

Figure 45. - Control scales. A: Phase contrast. The double lines 
indicate the orientation of the innermost collagen fibrils. B: Tyr- 
tubulin Mts distribution. Note the similar orientation of tyrosinated 
Mts and the collagen fibrils in contact with the hyposquamal scle¬ 
roblasts. mtoc: microtubule organizer centre.C: Glu-tubulin MTs 
distribution. Long curly microtubules arise from the MTOCs. Glu- 
tubulin labelled Mts are less numerous than the tyr-tubulin-labelled 
Mts. 

Figure 46. - Four-day-regenerating scale. A: Phase contrast. The 
line indicates the orientation of the innermost collagen fibrils. 
B: Tyr-tubulin Mts distribution. Note the coalignment of the tyro¬ 
sinated Mts with the innermost collagen fibrils. C: Glu-tubulin Mts 
distribution. Only the MTOCs are labelled 
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2012) or indentation and puncture testing were performed on 
individual scales (Zhu et al., 2012) or multiple scale layers 
(Zhu et al., 2013). The natural elasmoid scale assembly has 
inspired the fabrication of flexible protective composite sys¬ 
tems (Vernerey and Barthelat, 2010; Browning et al., 2013; 
Chintapalli et al., 2014; Chua et al., 2016). 

The protective high performance of the elasmoid scales 
is related to the hardness and stiffness of the superficial 
osseous layer and the softness and strength of the inner basal 
plate and a weak interface that allows delamination and the 
basal plate to stretch (Zhu et al., 2012; Dastjerdi and Bar¬ 
thelat, 2014). Studies focused on the puncture resistance of 
individual scales showed that elasmoid scales are superior to 
several engineered materials such as polystyrene and poly¬ 
carbonate (Zhu et al., 2012). 

Structures inspired by the scaled skin of teleosts could 
perhaps motivate the development of hybrid-mineralized 
materials that could trigger many engineering applications. 

ELASMOID SCALES AS MODEL FOR 
BIOMEDICAL RESEARCH 

Research trends in development of artificial tissues such 
as bone or corneas move towards the use of reliable animal 
models such as elasmoid scales. As for bone, fibrillar type I 
collagen is the main component of the matrix in the elasmoid 
scales and the hydroxyapatite crystals are coaligned with the 
collagen fibrils in the basal plate (Zylberberg and Nicolas, 
1982). The organization of the collagen fibrils in a highly 
ordered three-dimensional lattice, akin to that of the cornea, 
makes them transparent. Their easily observed development 
facilitate study of real-time cellular activities on both faces 
of the scale. 

Teleost elasmoid scales were considered to be useful in 
bone research (Yoshikubo et al., 2005; Brittijn et al., 2009; 
De Vrieze et al., 2010, 2011), since they are easy to collect 
in high numbers, and the removed scales regenerate trough 
processes consistent with data reported on bone osteogenesis 
(Bereiter-Hahn and Zylberberg, 1991). Scales were used to 
provide cells attached to their natural matrix for the study of 
bone physiology (Metz et al., 2012). 

Because of their transparency and tensile strength, elas¬ 
moid scales treated for cell removal and demineralization 
to prevent immunogenicity were used as artificial cornea to 
seal corneal perforation (van Essenet et al., 2013; Yuan et 
al., 2014; Chen et al., 2015). Acellularised and decalcified 
scales were used as a scaffold for corneal regenerative appli¬ 
cations . The circular groves of the outer surface form guid¬ 
ing channels for the cornea growing on the scaffold (Lin et 
al., 2010). 


CONCLUDING COMMENTS 

Structural investigations are required for a fundamental 
understanding of the relationship between the structure and 
the function of biomaterials that can inspire new bioengi¬ 
neering developments. 
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